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Pseudomorphic crescent-shaped quantum wires are shown to exhibit size-dependent symmetry break-
ing due to an anisotropic strain distribution. We predict level degeneracies and an increased carrier life-
time. As a model system Ing,Gag sAs/Aly,Gag gAs quantum wires are simulated with finite-element
analysis to obtain the strain tensor. Within the confinement potentials, which are strongly modified by
the strain-induced potentials and the piezoelectric field, the single-particle Schrédinger equation is

solved for electrons and holes.

The physics and application of quantum wells (QW’s)
have been leading towards more flexible design' and im-
proved device performance’? by the use of lattice-
mismatched materials. The same trend is now foresee-
able in the field of one- and zero-dimensional nanostruc-
tures which originally started out from lattice-matched
material combinations.*®> Strained nanostructures have
been reported as being useful for quantum wire (QWR)
lasers with a wavelength range not accessible with
lattice-matched materials,%’ and the self-organized
growth of quantum-dot arrays.®”!° Also strain-induced
lateral potential modulation has been used for fabrication
of QWR’s.!112

QWR’s grown in situ into V grooves exhibit very high
optical quality'>!'* and are one of the most attractive
QWR systems for practical laser application.* In this pa-
per we present a detailed treatment of the effects of strain
on V-groove QWR’s. A size-dependent symmetry break-
ing of the hole wave-function impacting the electronic
levels and the recombination properties is observed.
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FIG. 1. Normalized contraction ¢,= —¢,/g (solid line),
normalized amplitude of the piezoelectric polarization

Po=|P|/(e}sg)) (short dashed line), and components parallel
(Pg, dotted line) and perpendicular (Pg, long dashed line) to the
interface plane for GaAs material parameters. Variation of
crystallographic direction for azimuth of 45°.
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The effect of lattice-mismatched induced strain in pseu-
domorphic quantum wells is described by interfacial
strain g and perpendicular strain €, = —¢ ¢, due to the
Poisson effect. The perpendicular contraction ¢, depends
on the crystallographic orientation of the interface plane
and the elastic constants of the well material and is
shown for GaAs material parameters in Figs. 1 and 2.
The barriers of a quantum well remain completely un-
strained.!®> The situation for a V-groove quantum wire is
more complicated due to the additional nontrivial con-
straints in the growth direction. For our simulation we
use a crescent-shaped wire geometry. In the following, z
represents the [001] growth direction and x the lateral
coordinate along [110] when the QWR extends along y
parallel to [110].

We expect the strain to be mostly hydrostatic in char-
acter in the bottom center because there the constraints
in all three directions are largest. On the contrary, at the
top interface the QWR appears to be most similar to a
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FIG. 2. Three-dimensional visualization of ¢, (a), Py (b), Pg
(c), and P} (d). For a description of symbols see caption of Fig.
1 and text. (100) directions are along maxima in (a), {111)
directions are along maxima in (d).
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quantum well, so there we expect the anisotropic part of
the strain tensor to be large. A detailed analysis, howev-
er, can only be done numerically. We employ a finite-
element analysis of cubic materials to obtain the strain
tensor. We like to emphasize that the pattern of the
strain distribution depends only on the shape of the QWR
but not on its particular size.

As is well known,!®!7 strain induces a modification of
the conduction and valence bands, namely, a shift E, of
the fundamental band gap proportional to the isotropic
part of the strain tensor,

Ey=—ale, te,,te,)=—aTre (1

and valence-band splitting E,; given by the anisotropic
part of the strain tensor due to biaxial and shear strains
(neglecting second-order corrections due to the split-off
hole band'® %)

E%——‘———[(sn—syy )2+cycl.]+d2[€,2cy+cy01-] )

2
with a, b, and d being the hydrostatic and shear deforma-
tion potentials, respectively.

The shear strains €;, j7k additionally introduce a
piezoelectric polarization field P;=e ey, i7j7k, via
the piezoelectric modulus e.!° Due to symmetry the
field lies within the (110) wire cross-section plane. The
importance of the piezoelectric effect is well known from
strained QW’s (Ref. 20) and superlattices’’ on (111)-
oriented substrates. The field direction depends on the
polar orientation of the crystal (compression in the [111]
direction leads to positive charging of the A4 faces (metal
atoms)). The amplitude of the piezoelectric polarization
depends on the crystal orientation as shown in Figs. 1
and 2 for GaAs and arbitrary directions.

The piezoelectric polarization P induces a fixed
charge density pp= —divP, which is mainly concen-
trated at the interfaces, the upper interface being charged
positively for a compressed QWR along [ 110], negatively
for a QWR along [110]. Charge carriers in the QWR are
thus subjected to a spatially varying potential

Vo(=(1/4mee,) [ [ [1optr)/lr—rld’r.  (3)

In the following we use as a model material
In,Ga,;_,As QWR’s which have found considerable in-
terest.”?* 2% As barrier material we take Al,,Ga, gAs.
The lattice mismatch for x =0.2 is e=1.4%. The elastic
coefficients C;; and the deformation potentials used in the
calculations are given in Table I. The strains obtained
from the finite-element simulation are shown in Fig. 3.
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FIG. 3. Hydrostatic band shift in the wire (a), and in
the barrier (b), and valence-band splitting (c) for an
Ing ,Gag 3As/Aly ,Gag gAs quantum wire. Color scale for (c) is
reversed because larger valence-band splitting means lower hole
ground-state energy.

The hydrostatic band shift is largest, as expected, in the
bottom center of the V groove and exhibits several tens of
meV modulations across QWR. Also the band-gap split-
ting shows a distinct variation with the minimum value in
the bottom center. To obtain the electron and hole
confinement potentials AE, and AE,, the strain-induced
changes have to be added to the heterostructure band
offsets. The offset ratio Q, for the unstrained bands is
taken from the difference in the absolute energetic posi-

TABLE 1. Material parameters used in the calculations. E,, is the band gap (eV), C;; are the com-
pliances (10'° Pa), a, ac, b, and d the deformation potentials (e¢V), and e,, the piezoelectric modul
(C/m?). Values are obtained from linear interpolation of values for the binaries. a and ac are taken
from Ref. 26, other values from Ref. 25. b, d, and e, for Al,_,Ga, As have been taken as GaAs values.

Material E,., C Cp Cu a ac b d e
Iny ,Gag sAs 1.222 114 5.3 5.6 —7.9 —6.8 —1.8 —4.0 0.137
Aly ,Gag gAs 1.774 12.2 5.5 5.9 —8.3 —6.9 —1.9 —4.2 0.16
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FIG. 4. Piezoelectric field amplitude (a) and piezoelectric po-
tential for electrons (b) for an Iny ,Gag gAs/Al; ,Gag sAs quan-
tum wire.

tion of the average valence band?® and amounts to
Q0=170% for In, ,Gay goAs/Al, ,Gag gAs, taking into ac-
count the different spin-orbit splittings and alloy terms.?’
The hydrostatic shift E, is split between conduction and
valence bands with a ratio Q. =a./a, a. being the hy-
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drostatic deformation potential for the conduction band
obtained from model-solid theory.?® In summary we ob-
tain

AEe =Q0AEgap +QeE0—eVP ’ 4)
AEh=(I_QO)AEgap_*_(l_QE)EO:t%EI +eVP . (5)

The piezoelectric potential ¥, for the electrons is shown
in Fig. 4 together with the magnitude of the piezoelectric
field |Ep|, Ep=—gradV,. The piezoelectric field de-
pends on the wire shape but not on its particular size. In
contrast, the piezoelectric potential depends linearly on
the length scale and thus becomes increasingly stronger
and more important for larger wires.

The resulting confinement potentials are depicted in
Fig. 5. In the case of compressive strain as here, the
upper-hole band has heavy-hole character, while the light
hole is largely shifted away from the band edge. We will
refer to the hole as heavy hole (hh) in the following. Con-
trary to the case of a quantum well, the barrier also be-
comes strained in the vicinity of the QWR, and the
strain-induced potentials in the barriers are included into
the band structure as well.

The important feature of the hole confinement poten-
tial is that its minimum is not located in the center of the
V groove. Two equivalent minima exist in the left and
right half of the QWR (symmetry breaking) for the holes.
The minima are at lateral positions where the QWR
thickness is tapered. It will therefore depend on the mag-
nitude of the size quantization (which is a function of the
wire size and the particle mass), how much the strain-
induced potential influences the spectrum, the wave func-
tions, and subsequently the recombination properties in
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FIG. 5. Confinement potential for holes in the wire (a), and in the barrier (b) and electrons in the wire (c), and in the barrier (d) for

an Iny ,Gag 3As/Al; ,Gag sAs quantum wire.



14 190

the QWR. For very small wires the strain will be a per-
turbation, while for large wires the spectrum will be dom-
inated by the influence of the strain-induced potential.
With larger lattice mismatch the influence of the
symmetry-breaking potential will increase and also im-
pact smaller wires.

For tensile material combinations, e.g., In,Ga;_,As/
InP, x <0.53, the fundamental band edge has light-hole
character and the sign of E;, changes. Thus the strain-
induced potential for electrons has its position in the
center of the groove, and the (light)-hole tensile strain-
induced potential exhibits a similar symmetry breaking as
that of (heavy) holes in the case of compressive strain.

To access the quantum-mechanical consequences of the
strain-induced potentials we solve the Schrodinger equa-
tion for electrons and holes. We use a true two-
dimensional, nonseparable ansatz with a linear combina-
tion of orthonormal functions,

e-~<x2+z2>/2
@.A(X,Z)—WH,-(X)H](Z) , (6)

where H, is the kth Hermitian polynomial. The size of
the basis is chosen to i +j <k, kK =30, giving the first six
levels with sufficient accuracy. The barrier and well
masses are taken identical and isotropic. We use
m,=0.06 and m; =0.5. We note that due to the mirror
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FIG. 6. Lateral confinement potentials for electrons and
holes obtained from adiabatic approximation of the confinement
potentials of Fig. 5.
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symmetry of the QWR potential the wave functions have
well-defined parity. Due to the larger mass of the heavy
hole, the strain-induced effects are more pronounced for
the holes.

Before we present the results of the two-dimensional
quantum-mechanical calculation we briefly like to treat
the problem in the so-called adiabatic approximation,*
In this scheme the lateral confinement energy E_(x) is
calculated at each position by solving the Schrédinger
equation in the z direction. This ansatz is a good approx-
imation for laterally slowly varying potentials and is
found to result in mainly a shift of eigenenergies, preserv-
ing the subband spacings for low-lying levels.?® The la-
teral potentials for holes and electrons obtained from the
adiabatic calculation for the confinement potentials of
Fig. 5 is shown in Fig. 6. This reflects the two equivalent
off-center minima for the holes.

The following results are obtained with the truly two-
dimensional solution of the Schrédinger equation. For
increasing QWR size (measured by the cross-section area
at constant shape) the hole levels pairwise degenerate [see
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FIG. 7. First four hole energy levels (a) and their degeneracy
(b) for an Iny ,Gay gAs/Asy ,Gagy gAs quantum wire.
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FIG. 8. Hole ground-state wave function for three different
Iny ,Ga, sAs /Al ,Gag gAs wire sizes [cross-sectional area is 180
nm? (a), 290 nm? (b), and 400 nm? (c), respectively] showing the
transition to symmetry breaking. Note different markers for
each figure.

Fig. 7(a)]. The splitting 8E between the n =1 and 2 levels
becomes small compared to the energetic distance AE be-
tween the n =2 and the 3 level [see Fig. 7(b)]. Simultane-
ously the ground-state wave function of the holes be-
comes bimodal and shows a well-defined minimum in the
center of the groove (see Fig. 8). In the regime of strong
symmetry breaking the n =1 and 2 heavy hole wave
functions are symmetric and antisymmetric states of two
weakly coupled oscillators. Introducing a basis set of
wave functions
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FIG. 9. Overlap integral between hole and electron ground-
state wave function for an Ing ,Gag gAs/Alj ;Gag sAs quantum
wire.

1 1
Y="7(D+12)) and [r)=—=(1) 12)),
the situation can be viewed as if the heavy hole is either
in the left or the right half of QWR. It will oscillate with
a tunneling time 7=h /(28E), which is 7=20 ps for
6E=0.1 meV. We expect a different type of quantum
beat in this system. Due to the much smaller electron
mass the electron levels are almost not impacted by the
strain and the wave functions show no symmetry break-
ing.

Radiative transitions between electron and hole levels
are allowed only between states of the same parity of the
envelope functions. Due to the strain-induced symmetry
breaking for the holes the wave-function overlap with the
electrons is reduced, and thus the carrier lifetime will be
increased by the strain effects. In Fig. 9 we show the
QWR size dependence of the overlap of the envelope
ground-state wave functions (¥, |W,; )? which is propor-
tional to the recombination lifetime. It is obvious that
the lifetime becomes substantially decreased for increas-
ing wire size. Our treatment so far neglects excitonic
effects which will be studied in subsequent work. The
size dependence of the carrier lifetime is, however, found
to be profoundly changed by the inclusion of strain
effects.

In summary, we have shown that pseudomorphic
nanostructures require a detailed analysis of their strain
distribution and its consequences on the electronic prop-
erties. In particular, crescent-shaped quantum wires ex-
hibit size-dependent symmetry breaking of the hole wave
function manifesting itself in level degeneracies. The
recombination properties are largely affected; we predict
increased carrier lifetime and a different type of quantum
beat.

We are indebted to V. Tiurck for valuable discussions
and numerical assistance. Part of this work was funded
by Deutsche Forschungsgemeinschaft in the framework
of Sfb 296.
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FIG. 2. Three-dimensional visualization of ¢, (a), P, (b), Pﬂ
(c), and P (d). For a description of symbols see caption of Fig.
1 and text. (100) directions are along maxima in (a), {111)
directions are along maxima in (d).
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FIG. 3. Hydrostatic band shift in the wire (a), and in
the barrier (b), and valence-band splitting (c) for an
Ingy ,Gag gAs /Al ,Gag gAs quantum wire. Color scale for (c) is
reversed because larger valence-band splitting means lower hole
ground-state energy.



(104 Vicm)

Energy (meV)

[ —
25nm

FIG. 4. Piezoelectric field amplitude (a) and piezoelectric po-
tential for electrons (b) for an In,,Ga, zAs/Aly ,Gag sAs quan-
tum wire.
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FIG. 5. Confinement potential for holes in the wire (a), and in the barrier (b) and electrons in the wire (c), and in the barrier (d) for
an In, ,Gay gAs/Aly ,Ga, gAs quantum wire.
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FIG. 8. Hole ground-state wave function for three different
In, ,Gag sAs/Aly ,Gag gAs wire sizes [cross-sectional area is 180
nm’ (a), 290 nm* (b), and 400 nm? (c), respectively] showing the
transition to symmetry breaking. Note different markers for
each figure.



